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Abstract 26 
Persistent Salmonella Typhimurium infections in pigs are a major concern for food 27 
safety and human health. Tonsils play a key role in the persistence of Salmonella 28 
Typhimurium in pigs. Previous studies indicated that Salmonella virulence genes involved in 29 
invasion and intracellular survival are of little importance for the colonization of porcine 30 
tonsils, suggesting a predominantly extracellular location of the Salmonella bacteria.  Biofilm 31 
formation might promote extracellular persistence of Salmonella Typhimurium. The aim of 32 
this study was to determine whether the bacterium resides predominantly intra- or 33 
extracellularly in tonsils of pigs and to examine the contribution of biofilm-associated genes 34 
csgA, csgD and adrA in Salmonella persistence in porcine tonsils. Single cell suspensions 35 
were prepared from tonsils of orally inoculated pigs (2 x 107 colony forming units (CFU) wild 36 
type Salmonella Typhimurium) to determine the ratio of extracellular versus intracellular 37 
bacteria. Both at 5 and 28 days post inoculation (pi), the majority of Salmonella bacteria was 38 
found extracellularly in porcine tonsils. To determine the contribution of biofilm formation in 39 
extracellular persistence, pigs were orally inoculated with a mixture of 2 x 107 CFU of the 40 
Salmonella Typhimurium wild type strain and 2 x 107 CFU of one of the Salmonella 41 
Typhimurium csgA, csgD or adrA mutants. At ten days pi, equal numbers of both wild type 42 
and mutant Salmonella bacteria were found not only in tonsils, but also in ileum, ileum 43 
contents, ileocecal lymph nodes and faeces. 44 
In conclusion, we showed that Salmonella Typhimurium resides extracellularly in 45 
porcine tonsils, using a biofilm independent mechanism. 46 
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1. Introduction 51 
In European countries, Salmonella enterica subspecies enterica serovar Typhimurium 52 
(Salmonella Typhimurium) is the serovar most frequently isolated from slaughter pigs 53 
(Anon., 2007 and 2008). Porcine carcass contamination with Salmonella Typhimurium can 54 
largely be attributed to persistently infected pigs (Botteldoorn et al., 2003). In most cases the 55 
bacterium will subclinically colonize the palatine tonsils, secondary lymphoid organs situated 56 
at the oropharynx. They play a vital role in both innate and adaptive immune responses due to 57 
the presence of antimicrobial peptides and a variety of immune cells (Perry and Whyte, 1998; 58 
Horter et al., 2003). Even though tonsils are a predilection site for Salmonella persistence in 59 
pigs (Wood et al., 1989), virulence mechanisms necessary for cell invasion and intracellular 60 
survival do not contribute to tonsillar colonization (Boyen et al., 2006b and 2008b), 61 
suggesting that Salmonella Typhimurium resides mainly extracellularly in porcine tonsils.  62 
Biofilm formation is a mechanism used by several bacteria to survive in an 63 
extracellular context or in hostile environments with for example low pH or limited oxygen 64 
(Rosenberg et al., 2008; Boyen et al., 2009). Biofilms are a multicellular behaviour mode, in 65 
which bacteria are embedded into a self-produced extracellular matrix. Regulation of biofilm 66 
formation in Salmonella Typhimurium has been intensively studied in the past years and 67 
several genes playing a role in Salmonella Typhimurium biofilm formation were identified 68 
(Römling, 2005). For example, CsgD  stimulates  biofilm  production  indirectly  by  69 
transcriptional  activation  of  the  curli  biosynthesis  operon  csgDEFG-csgBAC  and adrA,  a 70 
gene  crucial  for  cellulose biosynthesis (Römling, 2005). The role of biofilm formation in 71 
Salmonella Typhimurium persistence in pigs is still unknown.  72 
It was the aim of the present study to determine whether Salmonella Typhimurium 73 
persists intracellularly or extracellularly in tonsils of pigs. Additionally, the role of biofilm 74 
formation in persistence of Salmonella Typhimurium in porcine tonsils was determined. 75 
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2. Materials and Methods 76 
2.1 Bacterial strains and growth conditions 77 
Salmonella Typhimurium strain 112910a, phage type 120/ad, was isolated from a pig 78 
stool sample and characterized previously (Boyen et al., 2008b). A spontaneous nalidixic acid 79 
resistant derivative of the wild type strain (WTnal) was used in the first in vivo experiment to 80 
minimize irrelevant bacterial growth when plating tonsillar, intestinal and faecal samples. In 81 
the second in vivo experiment, the WTnal strain was used together with one of the 3 deletion 82 
mutants csgA, csgD or adrA. These deletion mutants were constructed according to the one-83 
step inactivation method described by Datsenko and Wanner (2000) and slightly modified for 84 
use in Salmonella Typhimurium as described before (Boyen et al., 2006a). Primers used to 85 
create the gene-specific linear PCR fragments are summarized in Table 1. 86 
For the oral inoculation of pigs, the bacteria were grown for 16 h at 37 °C in 5 ml 87 
Luria-Bertani broth (LB; Sigma Aldrich Chemie Gmbh, Steinheim, Germany) on a shaker. 88 
The bacteria were washed twice in Hank’s buffered salt solution (HBSS; Gibco Life 89 
Technologies, Paisley, Scotland) and centrifuged at 2300 x g for 10 min at 4 °C and diluted in 90 
HBSS to the appropriate concentration of 107 colony forming units (CFU) per ml. The 91 
number of viable Salmonella bacteria per ml inoculum was determined by plating 10-fold 92 
dilutions on brilliant green agar (BGA; Lab M Limited, Lancashire, UK) supplemented with 93 
20 µg/ml nalidixic acid (BGANAL; Sigma Aldrich Chemie Gmbh, Steinheim, Germany) for 94 
selective growth of the WTnal strain and BGA supplemented with 25 µg/ml chloramphenicol 95 
(BGACA; Sigma Aldrich Chemie Gmbh, Steinheim, Germany) for selective growth of the 96 
mutant strains. 97 
The in vitro colony morphology exhibited by the wild type Salmonella Typhimurium 98 
and the csgA, csgD and adrA mutants on agar at different incubation temperatures was 99 
examined by plating the strains on LB without salt, supplemented with 20 µg/ml Coomassie 100 
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Brilliant Blue (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) and 40 µg/ml Congo Red 101 
(Sigma-Aldrich Chemie GmbH, Steinheim, Germany) as described by Malcova et al. (2008). 102 
The plates were incubated at 28 °C and 37 °C for 7 consecutive days and were then visually 103 
examined.  104 
 105 
2.2 Experimental animals 106 
The animal experiments were approved by the ethical committee of the Faculty of 107 
Veterinary Medicine, Ghent University (EC 2007/052 and EC 2008/074). 108 
In both in vivo trials, 4-week-old piglets (commercial closed line based on Landrace) 109 
from a serologically Salmonella negative breeding herd were used. The piglets tested negative 110 
for Salmonella at faecal sampling. The piglets arrived at the facility 7 days before they were 111 
inoculated and were housed in separate isolation units at 25°C under natural day-night rhythm 112 
with ad libitum access to feed and water. 113 
 114 
2.3 Localization of Salmonella Typhimurium in porcine tonsils 115 
Experimental inoculation of piglets 116 
One week after their arrival at the facility, 12 individually housed experimental 117 
animals were orally inoculated with approximately 2 x 107 CFU of a stationary phase culture 118 
of the WTnal in 2 ml HBSS. Five and 28 days post oral inoculation (pi), 8 and 4 piglets 119 
respectively were humanely euthanized. Samples of tonsils were collected to prepare ‘single 120 
cell suspensions’ and cryosections. 121 
 122 
Localization of Salmonella Typhimurium in porcine tonsils using the single cell 123 
suspension method 124 
 6 
Adhering muscle and fat tissue was removed from the tonsillar tissue and the tonsil 125 
was rinsed once with HBSS. The tissue was subsequently treated with 10 mM dithiothreitol 126 
(DTT; Bio-Rad Laboratories, Hercules, California, USA) for 10 min to remove mucus rests. 127 
After tissue samples were cut to small pieces, they were treated twice with 25 ml collagenase 128 
from Clostridium histolyticum Type V (100 u/ml; Sigma-Aldrich Chemie GmbH, Steinheim, 129 
Germany) on a shaker for 45 min at 37 °C to obtain a single cell suspension. The single cell 130 
suspension was then filtered through a 64 µm pore size filter and transferred to a 50 ml tube. 131 
The number of cells per ml as well as their viability was determined using trypan blue 132 
staining and a counting chamber (Bürker, Marienfeld, Germany). 133 
The single cell suspension was further processed as follows. Firstly, 500 µl of the cell 134 
suspension was treated with 500 µl Triton X-100 2% (Sigma Aldrich Chemie Gmbh, 135 
Steinheim, Germany) and incubated for 10 min at room temperature on a shaker, causing cell 136 
lysis, and plated on BGANAL to assess the total number of intra- and extracellular Salmonella 137 
bacteria in the tonsillar tissue. Secondly, the remaining cell suspension was centrifuged (2300 138 
x g, 10 min, 4 °C) and the obtained cell pellet was resuspended in 5 ml RPMI (Gibco Life 139 
Technologies, Paisley, Scotland) supplemented with 100 µg/ml gentamicin (Gibco Life 140 
Technologies, Paisley, Scotland) and incubated for 1 h at 37 °C on a shaker, killing 141 
extracellular salmonellae. The suspension was then centrifuged (2300 x g, 10 min, 4 °C) and 142 
washed three times with HBSS. The cells were counted as described above. Five hundred µl 143 
of this cell suspension was treated with 500 µl Triton X-100 2% and incubated for 10 min at 144 
room temperature on a shaker, causing cell lysis, and plated on BGANAL to assess the number 145 
of intracellular salmonellae. If negative at direct plating, the samples were pre-enriched for 16 146 
h in BPW at 37 °C, enriched for 16 h at 37 °C in tetrathionate broth (Merck KGaA, 147 
Darmstadt, Germany) and plated again on BGANAL. Samples that were negative after direct 148 
plating but positive after enrichment were presumed to contain 50 CFU Salmonella per gram 149 
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tissue (detection limit for direct plating). Samples that remained negative after enrichment 150 
were presumed to contain less than 50 CFU Salmonella per gram. After determining the 151 
overall CFU of Salmonella bacteria and the intracellular CFU, the percentage of bacteria 152 
residing extracellularly in porcine tonsils was calculated. 153 
 154 
Localization of Salmonella Typhimurium in porcine tonsils using immunohistochemical 155 
staining of cryosections 156 
A small piece of the tonsil was embedded in a capsule with KP-CryoBlock (Klinipath, 157 
Duiven, The Netherlands), frozen in liquid nitrogen and stored at -70 °C. The frozen tissue 158 
parts were sectioned at 8 µm with a cryotome, dried for 1 h at 37°C and fixed in acetone for 5 159 
min. The cryosections were washed with distilled water and incubated with HBSS + 0.2% 160 
saponin (Sigma Aldrich Chemie Gmbh, Steinheim, Germany) for 20 min at room 161 
temperature. Image-iT FX signal enhancer (Invitrogen, Oregon, USA) was brought onto the 162 
sections for 30 min at room temperature. Tissue sections were washed twice with HBSS + 163 
0.2% saponin. The sections were pre-incubated with 100 µl 30% (v/v) goat serum for 30 min 164 
at room temperature to reduce background staining and washed twice with HBSS + 0.2% 165 
saponin. Sections were incubated for 45 min at room temperature with 100 µl of a primary 166 
antibody mixture containing a polyclonal rabbit antibody targeting the Salmonella O4 somatic 167 
antigen (Pro Lab Diagnostics, Neston, UK) and a mouse monoclonal antibody targeting 168 
CD172α (AbD Serotec, Kidlington, UK), diluted respectively 1:100 and 1:50 in HBSS + 169 
0.2% saponin. Thereafter, they were washed twice with HBSS + 0.2% saponin. CD172α is 170 
defined as a specific myelomonocytic transmembrane receptor of 90-115 kDa molecular 171 
weight (Piriou-Guzylack and Salmon, 2008). The sections were subsequently incubated for 30 172 
min at room temperature with 100 µl of a secondary antibody mixture containing goat anti-173 
rabbit Alexa Fluor 488 (Molecular Probes, Oregon, USA) and goat anti-mouse Alexa Fluor 174 
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568 (Molecular Probes, Oregon, USA), both diluted 1:200 in HBSS + 0.2% saponin and 175 
washed twice with HBSS + 0.2% saponin. The sections were dried in the dark at room 176 
temperature and fixed with VectaShield (Vector Laboratories Inc., Burlingame, USA). 177 
Sections were evaluated using a Leica DMRB fluorescence microscope (Leica Inc., Wetzlar, 178 
Germany). Pictures were taken using a Moticam 2300 3MP camera (Moticam Instruments 179 
Inc., Richmond, Canada) and Motic Images Advanced 3.2 (Motic China Group Co. Ltd.) 180 
imaging software. Subsequently, 100 bacteria in each tonsil sample were visually counted and 181 
the percentage of bacteria residing intracellularly was calculated. 182 
 183 
2.4 The role of biofilm formation in Salmonella Typhimurium persistence in pigs 184 
Experimental inoculation of piglets 185 
 Twenty-one experimental piglets were randomly divided in 3 groups of 6 animals, 186 
housed in 3 pairs per group, and 1 negative control group of 3 animals. Five days later, the 3 187 
negative control pigs were humanely euthanized and samples of tonsils, ileum, ileum 188 
contents, ileocecal lymph nodes and faeces were collected for bacteriological analysis. One 189 
week after their arrival at the facility, each group of 6 piglets was orally inoculated with a 190 
mixture of approximately 2 x 107 CFU WTnal and 2 x 107 CFU of one of the three 191 
chloramphenicol-resistant deletion mutants csgA, csgD or adrA in 2 ml HBSS. Ten days after 192 
oral inoculation, all 18 piglets were humanely euthanized and samples of tonsils, ileum, ileum 193 
contents, ileocecal lymph nodes and faeces were collected for bacteriological analysis.  194 
 195 
Bacteriological analysis 196 
All tissue and contents samples were stored for maximum 1 week at -70 °C until 197 
further processing. The samples were thawed, weighed and 10% (w/v) suspensions were 198 
made in buffered peptone water (BPW; Oxoid, Basingstoke, UK) after which the material was 199 
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homogenized with a Colworth stomacher 400 (Seward and House, London, UK). The 200 
homogenized samples were examined for the presence of the wild type Salmonella 201 
Typhimurium and the mutants by plating 10-fold dilutions on BGANAL and BGACA 202 
respectively. BGA plates were incubated for 16 h at 37 °C. The samples were pre-enriched for 203 
16 h in BPW at 37 °C and, if negative at direct plating, enriched for 16 h at 37 °C in 204 
tetrathionate broth and then again plated on BGANAL and BGACA. Samples that were negative 205 
after direct plating but positive after enrichment were presumed to contain 50 CFU 206 
Salmonella per gram tissue (detection limit for direct plating). Samples that remained 207 
negative after enrichment were presumed to contain less than 50 CFU Salmonella per gram 208 
tissue and were assigned value ‘1’ prior to further calculation. 209 
After determining the number of wild type and mutant CFU for all samples derived 210 
from all piglets, these data were converted logarithmically prior to calculation of the average 211 
differences between log values of WT and mutant per tissue sample per group and prior to 212 
statistical analysis.  213 
 214 
2.5 Statistical analysis 215 
For analysis of the results from the mixed infection in vivo trial, an unpaired student’s 216 
t-test was performed to determine whether the log10 value of the wild type/mutant ratio of the 217 
samples was significantly different from the log10 value of the wild type/mutant ratio in the 218 
inoculum, using the SPSS Statistics 17.0 software (SPSS Inc., Chicago, USA). Differences 219 
with a P-value ≤ 0.05 were considered significant. 220 
 221 
3. Results 222 
3.1 Salmonella Typhimurium predominantly resides extracellularly in porcine tonsils 223 
 10 
Five and 28 days post oral inoculation (pi), 97.0 ± 2.0 % and 97.6 ± 3.6 % of the 224 
Salmonella bacteria respectively was found to reside extracellularly in the tonsils using the 225 
single cell suspension method.  226 
Using immunohistochemistry on cryosections of tonsils, 97.4 ± 1.6 % and 86.0 ± 11.6 227 
% of Salmonella bacteria resided extracellularly at 5 and 28 days pi respectively, confirming 228 
the results obtained by single cell suspensions. 229 
 230 
3.2 Biofilm formation does not contribute to extracellular persistence of Salmonella 231 
Typhimurium in porcine tonsils 232 
 After 7 days incubation at 28 °C, the wild type Salmonella Typhimurium grew as a 233 
biofilm-associated rough and dry (cf. RDAR) morphotype on LB without salt, supplemented 234 
with Coomassie Brilliant Blue and Congo Red (Malcova et al., 2008). After incubation at 37 235 
°C, the wild type strain no longer exhibited the RDAR morphotype but the smooth and white 236 
(SAW) morphotype, indicating the absence of biofilm formation under these conditions 237 
(Malcova et al, 2008). The biofilm-associated RDAR morphotype was absent in all of the 238 
three Salmonella Typhimurium mutants at 28 °C as well as at 37 °C, giving the colonies a 239 
white (∆csgD), purple/red (∆csgA) and purple/red (∆adrA) colour and a smooth appearance 240 
(cf. SAW morphotype) (Fig. 1). 241 
Following bacteriological analysis, the csgA mutant strain was found to be slightly 242 
impaired in the ileum compared to the wild type strain. The opposite was true for the faeces, 243 
in which the wild type Salmonella was impaired in colonization and persistence capacity 244 
compared to the ∆csgD Salmonella Typhimurium. Nonetheless, these differences were not 245 
significant due to high standard deviations with P-values of 0.24 and 0.29 respectively. 246 
Furthermore, in none of the other samples of all three groups the output ratio wild type/mutant 247 
was significantly different from the wild type/mutant ratio in the inoculum. This finding 248 
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showed that none of the csgA, csgD or adrA  Salmonella  mutants  were  significantly  249 
impaired  in  colonization and persistence  capacity  compared  to  the wild  type  strain  in  250 
any  of  the  organs  examined  (P  > 0.05).   251 
The average log10 values of the ratio wild type/mutant for all samples per group of six 252 
piglets are summarized in Fig. 2. 253 
 254 
4. Discussion 255 
Salmonella virulence genes are often clustered in several regions of the chromosome 256 
termed ‘Salmonella pathogenicity islands’ (SPI). Macrophages can be actively entered by 257 
Salmonella Typhimurium in a SPI-1 dependent manner (Horter et al., 2003; Donné et al., 258 
2005; Takaya et al., 2005; Boyen et al., 2006a). Although these phagocytic cells are also 259 
present in the tonsils, previous work using a SPI-1 deficient strain, showed no difference in 260 
colonizing capacity in the tonsils between the mutant and the wild type strain (Boyen et al., 261 
2006b), while there was a significant colonization defect in the gut. The results from the 262 
present study explain this finding since salmonellae were mostly found extracellularly in the 263 
palatine tonsils. Using gentamicin-based single cell suspensions, we found that the major part 264 
of bacteria (97.0 ± 2.0 %) resided extracellularly 5 days pi. One would expect that this 265 
percentage would decrease over time, since intracellular survival of Salmonella Typhimurium 266 
in macrophages is correlated with systemic spread and long-term persistence of the pathogen 267 
in mice and pigs (Riber and Lind, 1999; Boyen et al., 2008a). Nevertheless, at 28 days pi still 268 
most Salmonella bacteria (97.6 ± 3.6 %) were detected extracellularly. The data obtained by 269 
immunohistochemistry confirmed this observation in the tonsils. 270 
Localization and behaviour of Salmonella spp. in animal tissues is serovar and host 271 
specific. Pullinger et al. (2007) found that systemic translocation of the host-adapted serovar 272 
Salmonella Dublin predominantly occurs in a cell-free niche in efferent lymph in cattle. Our 273 
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results show that Salmonella Typhimurium predominantly survives in an extracellular niche 274 
in the tonsils in pigs, indicating the host and serovar dependency of Salmonella pathogenesis. 275 
This study confirmed the previous finding by Gray et al. (1995) that the host-adapted 276 
Salmonella serovar Choleraesuis resided largely extracellularly in porcine tonsils. Although 277 
we found that Salmonella Typhimurium resides largely as an extracellular pathogen in tonsils, 278 
this does not rule out the importance of intracellular survival of Salmonella Typhimurium in 279 
macrophages in dissemination of the bacterium through the porcine body, resulting in 280 
persistent Salmonella infection.  281 
A unique characteristic of the tonsils is the presence of tonsillar crypts, epithelial 282 
diverticula that considerably increase the available surface for bacterial adherence (Perry and 283 
White, 1998). Since it was stated earlier that these crypts play a major role in the persistence 284 
of several microorganisms in pigs (Horter et al., 2003), we wanted to determine if Salmonella 285 
Typhimurium resides extracellularly in porcine tonsils by formation of biofilms. However, 286 
despite residing extracellularly, biofilm-associated genes csgA, csgD and adrA do not 287 
contribute to persistent Salmonella Typhimurium colonization of tonsils in pigs. Since the 288 
Salmonella Typhimurium genome possesses thirteen fimbrial loci (Clayton et al., 2008), it is 289 
possible that the remaining fimbrial operons in our csgA and csgD mutants still provide the 290 
function and enable Salmonella adhesion to the extracellular surface of tonsillar cells.  291 
Another explanation could be the temperature dependency of Salmonella biofilm 292 
formation mediated by csgA, csgD and adrA genes. We showed that the wild type strain 293 
optimally produces the biofilm-associated RDAR morphotype at 28 °C and that expression of 294 
this morphotype is inhibited at 37 °C, confirming earlier in vitro research in Escherichia coli 295 
(Brombacher et al., 2005) and Salmonella Typhimurium (Römling et al., 1998). Basic body 296 
temperature in pigs is in the range of 38-40 °C (Kaliszan et al., 2005). Despite the fact that 297 
this is the temperature at which RDAR colony morphotype expression seems to be inhibited 298 
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in vitro, biofilm formation in vivo might behave differently. Downregulation of biofilm-299 
associated gene expression at temperatures above 32 °C in vitro might be counterbalanced in 300 
vivo by a variety of environmental and physiological cues such as osmolarity, growth rate, 301 
pH, O2 level, the presence of important ions like iron and the availability of specific nutrients 302 
e.g. glucose and phosphate (Römling et al., 1998; Gerstel and Römling, 2003; Brombacher et 303 
al., 2005; Goller and Romeo, 2008). Nevertheless, there was no significant colonization 304 
defect in any of the biofilm deficient mutant strains in any of the examined samples in the 305 
current setup.  306 
 307 
5. Conclusion  308 
We have shown that Salmonella Typhimurium persists predominantly extracellularly 309 
in the tonsils of pigs, independently of mutations in biofilm-associated genes csgA, csgD and 310 
adrA. This finding is in sharp contrast with the general consensus that Salmonella 311 
Typhimurium persists as an intracellular pathogen in the tonsils. Since most research in this 312 
area was performed using murine, bovine, ovine and not porcine models (Alpuche-Aranda et 313 
al., 1994; Ohl and Miller, 2001; Monack et al., 2004; Wick, 2007), this experiment 314 
emphasizes the host-specificity of Salmonella Typhimurium pathogenesis. 315 
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Captions to Table and Figures 471 
 472 
Table 1. Primers used in this study to create the csgA, csgD and adrA deletion mutants.  473 
 474 
Fig. 1. In vitro colony morphology of Salmonella Typhimurium strains after 7 days 475 
incubation at 28°C on LB plates without salt, supplemented with 20 µg/ml Coomassie 476 
Brilliant Blue and 40 µg/ml Congo Red. A. wild type strain, dry and rough morphotype; B. 477 
∆adrA strain, smooth and purple morphotype; C. ∆csgA strain, smooth and purple/red 478 
morphotype; D. ∆csgD strain, smooth and purple/red morphotype. 479 
 480 
Fig. 2. Recovery of bacteria from various organs of six piglets orally inoculated with a 481 
mixture of the wild type Salmonella Typhimurium and csgA, csgD or adrA Salmonella 482 
Typhimurium mutants. The log10 value of the ratio of CFU per gram sample of the wild type 483 
and the biofilm-associated gene mutants is given as the mean ± standard deviation. 484 
